Cherrypickers are an important class of machines that can lift people to great heights. Understanding the dynamics and stability of these machines is crucial for efficient and safe operation. A dynamic model has been developed to capture the oscillatory dynamics of the machine as a function of the configuration and mass properties. Simulation studies reveal the complex dynamic behavior of the machine. In many cases, the oscillation of the endpoint bucket causes difficulties and dangers for the operators. An input-shaping controller has been added to the system to decrease the oscillatory dynamics. A portable cherrypicker is being developed for use in both education and research. The cherrypicker will be used as an experimental testbed in an advanced controls course at the Massachusetts Institute of Technology. The MIT students will use the machine to verify their theoretical models of the dynamic behavior, as well as evaluate control systems they develop to improve performance. Concurrently, students at the Georgia Institute of Technology will use the machine in teleoperation mode to conduct similar experiments. The MIT and Georgia Tech students will work together to conduct meaningful research on the cherrypicker testbed for their course projects. This paper describes the developments and results of the project to date.
INTRODUCTION
Aerial lifts raise people high up in the air so that they can work on power lines, buildings, airplanes, etc [1] . Figure 1 shows an aerial lift that uses a scissor mechanism to extend straight upwards. Figure 2 shows a different type of aerial lift, often called a cherrypicker. This type of lift uses a jointed arm to extend not only upward, but also out from the truck that forms its base.
The cherrypicker has a much larger workspace than the scissor lift, but given that it can extend out from the base, it will oscillate, and can even tip over. Oscillations of the workers can cause work delays, injuries, and property damage. Example problems include the bucket oscillating into a glass-sided building and a bouncing bucket forcing workers close to power lines. If the machine tips over, then the result can be catastrophic. For example, the cherrypicker shown in Figure 3 tipped over at the Miami airport when the workers were installing an antenna on the tail of a DC-8 airplane. One of the workers died and the other was severely injured.
Cherrypickers are a very important class of machines that pose interesting and difficult control challenges. This paper describes a scale-model cherrypicker that is being developed for use in both education and research. System dynamics and controls education is often filled with extensive theoretical development and complicated mathematics. As a result, students often Therefore, there is a need to provide students with hands-on experimental facilities. This introduces a significant challenge to professors, who must develop lab exercises that reinforce lecture material. They must also build and maintain experimental setups that are robust to extensive use, mistreatment, and instability. Once these hardware setups exist, there are the additional challenges of providing students access to the machines and allowing students to perform meaningful experiments. Furthermore, these machines need to be available to a large group of students in order to make the hardware development cost-effective.
The cherrypicker described here will be used as an ex- Airport perimental testbed in an advanced controls course at the Massachusetts Institute of Technology. The MIT students will use the machine to verify their theoretical models of the dynamic behavior, as well as evaluate control systems they develop to improve performance. Concurrently, students at the Georgia Institute of Technology will use the machine in teleoperation mode to conduct similar experiments. The MIT and Georgia Tech students will work together to conduct meaningful research for their course projects.
The Georgia Tech course on Advanced Controls was previously used in an international collaborative educational project in 2006, wherein teams of Georgia Tech and Tokyo Tech students worked together on term projects. The projects were based on small-scale cranes that could be tele-operated [2, 3] . One crane was physically located at Georgia Tech and the other was located at Tokyo Tech. Several of the students completed term projects that resulted in technical publications [4] [5] [6] [7] [8] . A main goal of the current program is to form collaborative teams of MIT and Georgia Tech students that will complete a course project utilizing the cherrypicker in both local and tele-operated modes.
MECHANICAL DESIGN
A sketch of the cherrypicker under development is shown in Figure 4 . The machine corresponds closely with a robotic arm that has a slewing base and a two-link jointed arm [9] [10] [11] [12] [13] . A primary difference is the portable nature of the device that allows it to be easily moved. Furthermore, in order to study tip-over dynamics, the base is designed to have an adjustable width and stabilizing arms that can extend and retract. In order to protect the machine during tip-over events, it will be equipped with additional arms that swing out from the base to stop the machine from completely tipping over.
DYNAMIC MODEL
A dynamic model of the cherrypicker is shown in Figure 5 . The model neglects the tip-over dynamics to concentrate on the flexible dynamics of the two-link arm and bucket. The slewing angle, θ 1 , indicates the amount the two-link arm rotates relative to the fixed base. The angle of the shoulder joint is given by θ 2 , and the elbow angle is given by θ 3 . The bucket is modeled as a suspended pendulum with damping at its rotational hinge. The hinge only allows motion in the plane of the two-link arm. The flexibility of the cherrypicker has been modeled as a lumped spring-damper at each joint. Table 1 shows the spring, K p , and damper, K d , constants for the shoulder and elbow joints. Table 2 shows the lengths and masses of the links and payload.
The equations of motion for this model were obtained using a commercially available dynamics software [14] . The equations of motion for the two joint angles are: 
The slewing angle, θ 1 , has been removed from the equations of motion for simplicity. The lengths and masses of links 1 and 2 are L 1 , m 1 and L 2 , m 2 , respectively. The spring and damper constants for the shoulder joint and the elbow joint are K p1 , K d1 and K p2 , K d2 , respectively. The mass and suspension cable length of the payload (i.e. bucket) are represented by M and L, respectively. The swing angle of the payload is represented by φ. The desired shoulder and elbow joint angles are represented by θ 2d and θ 3d , respectively.
SIMULATION RESULTS
To study the dynamics of the cherrypicker, several different parameters were measured. For each simulation, the residual stage is the time from when the joint angle first reaches its settling point until the end of the simulation. The maximum residual vibration amplitude is defined as the largest displacement of the tip of the arm from its final settling point. The 5% settling time is defined as the time until the arm tip settles within a circle with a diameter equal to 5% of the maximum residual amplitude.
As a first step in understanding the dynamics of the cherrypicker, the arm was extended outward with a 30 • shoulder joint angle (θ 2 =30 • , θ 3 =0 • ). The arm was then moved with a 1 • step in the shoulder joint angle. Figure 6 shows the vertical oscillation of the tip of the arm. The tip of the arm oscillates similarly in the horizontal direction. The arm vibrates with a frequency of approximately 2 Hz and settles after 2.53 s. The maximum displacement of the tip of the arm is 26.4 mm.
Next, the same motion was repeated, but the elbow joint angle was set to 150 • . This configuration corresponds closely with Figure 5 . Figure 7 shows the vertical oscillation of the tip of the arm. The oscillation amplitude is much smaller in this case, with a maximum displacement of only 3.6 mm. The oscillation has a higher frequency and takes only 0.4 s to settle. To expand upon the trends observed above, the maximum residual vibration amplitude and settling time of the oscillation of the tip of the arm were obtained as a function of the elbow joint angle. The shoulder joint motion for each test was kept constant at a 1 • step. Figure 8 shows the maximum residual vibration amplitude as a function of varying elbow joint angles for three different initial shoulder joint angles. As expected, the residual amplitude is larger when the arm is extended and smaller when it is compact. Figure 9 shows the settling time for the tests. The settling time increases as the arm is extended.
To move the cherrypicker arm for longer distances, trapezoidal velocity commands were utilized. During numerical simulation of the cherrypicker model, the maximum velocity was limited to 10 • /s and the maximum acceleration was limited to 40 • /s 2 . Figure 10 shows the path of both arm links for a 50 • elbow joint motion and a 10 • shoulder joint motion. In order to see the arm tip oscillation more clearly, the vertical oscillation of the tip of the arm in the residual stage is shown in Figure 11 . Figure 12 shows the horizontal residual oscillation for the same In order to control the arm oscillations caused by moving the cherrypicker, input shaping was utilized. Input shaping modifies the input by convolving it with a series of impulses, called the input shaper [15, 16] . The input-shaping process is demonstrated in Figure 13 . The original step command is convolved with two Input shaping can easily suppress multiple modes of oscillation [17] . The cherrypicker has two different oscillation modes; thus a two-mode Specified Insensitivity (SI) shaper was designed to eliminate the residual oscillation [18, 19] . The frequency range for vibration suppression was chosen to be from 1 Hz to 2 Hz, and 2.5 Hz to 3.5 Hz. A damping ratio of 0.1 was used for both modes. The amplitudes, A i , and times, t i , of the impulses of the resulting two-mode SI Shaper are given by: Figures 11 and 12 show the arm tip residual vibration induced by shaped commands produced by the SI shaper in (3). The residual vibration is much lower, with a maximum residual vibration amplitude of only 0.12 mm. With input shaping, the maximum residual vibration amplitude is approximately equal to the unshaped residual vibration amplitude at its settling time; hence, the settling time of the shaped command is equivalent to the move time, which is 6.14 s.
It is important to evaluate the dynamics of the cherrypicker and the input shaper for varying move distances. To that end, Figure 14 shows the maximum residual vibration amplitude for both unshaped and shaped commands. Without shaping, the residual amplitude has peaks and troughs for shoulder joint movements less than 35 • . However, after 35 • the amplitude remains fairly constant. This is because for move distances greater than 35 • , the oscillation caused by the initial acceleration dampens out during the transient stage. The residual vibration is only induced by the stopping acceleration, which is independent of the move distance. The shaped commands reduced the average residual vibration of the tip of the arm by 95%. The same simulations were repeated for a constant elbow joint angle of 90 • . The unshaped and shaped residual vibration amplitudes are also shown in Figure 14 . The shaped commands reduced the residual amplitude by an average of 97%. Figure 15 shows the settling time for the 0 • elbow joint angle simulations. The unshaped and shaped settling times increase 
FUTURE WORK
More exhaustive iteration routines are under investigation to fully determine the dynamics of the cherrypicker for all possible arm configurations. These iterations will also analyze the dynamics of the slewing motion and the motion of the bucket. In addition, a dynamic model of the cherrypicker that considers tipover dynamics is currently being developed. Static and dynamic stability analyses are being conduced to determine safe operation regions for any given configuration. In addition, the effect of stabilizing arms on the stability of the cherrypicker is being studied. The small-scale cherrypicker is being constructed and will be used to verify the dynamic model and the effects of input shaping.
CONCLUSIONS
Cherrypickers are an important class of machines that transport humans to high heights. Understanding the dynamics and stability of the machines is crucial for efficient and safe operation. The design of a portable cherrypicker was presented. A dynamic model was developed to capture the oscillatory dynamics of the machine. Simulation studies illustrated the complex dynamic behavior of the machine. An input-shaping controller was added to the system and the oscillatory dynamics were greatly reduced.
